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Abstract 



Using the CLEO II detector at the e + e~ storage ring CESR, we have deter- 
mined the Michel parameters p, £, and 5 in — > l^vv decay as well as the r 
neutrino helicity parameter h UT in — > tt^^u decay. From a data sample of 
3.02 x 10 6 r pairs produced at yfs = 10.6 GeV, using events of the topology 
e + e~ — > t + t~ — > (/^^^(vr^vr ^) and e + e~ — »• t + t~ — ► (7r =t: 7r F)(7r T 7r z/), and 
the determined sign of h Vr the combined result of the three samples is: 

p = 0.747±0.010±0.006, £ = 1.007±0.040±0.015, £<5 = 0.745 ±0.026 ±0.009, 
and h Vr = —0.995 ±0.010 ±0.003. Lhe results are in agreement with the Stan- 
dard Model V-A interaction. 
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I. INTRODUCTION 



The most general, local, derivative-free, and lepton-number-conserving four fermion point 
interaction |3|-0 for leptonic r decays yields in the helicity projection form |J the following 
matrix element 



M 



Gi_ 

"V2 



E 



9^ 



u e (i )r 7 Vj(vi) 



Ui ZA 



UniT 



e,fi=R,L 



where G\ parametrizes the total strength of the interaction. The matrices T 7 define the 
properties of the two currents under a Lorentz transformation with 7 = S, V, T for scalar, 
vector, and tensor interactions. The indices e and p label the right- or lefthandedness (R,L) 
of the charged leptons. For a given e, p, and 7, the handedness of the neutrinos labeled 
by j and i are fixed. Only ten of the twelve complex coupling constants gj are linearly 
independent. In the Standard Model V-A interaction, the only non-zero coupling constant 

i> .'/}./. 1- 

The interaction described by Eqn. [I] is fully determined by 19 real parameters. Without 
measuring the neutrinos and the spin of the outgoing charged lepton, only the four Michel 
parameters pHSf p, rj, £, and 5 are experimentally accessible. They are bilinear combinations 



of the coupling constants g]^ and appear in the predicted energy spectrum of the charged lep- 



ton l T emitted in the decay r T — > I t vij. In the r rest frame, neglecting radiative corrections 
and terms proportional to mf/m^, this spectrum is given by 
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(2) 



where x = 2Ei/m T is the scaled charged lepton energy, P T the r polarization, and 9 the 
angle between r spin and lepton momentum. In the Standard Model the V-A charged weak 
current is characterized by p = 3/4, r] = 0, £ = 1 and 5 = 3/4. 

A measurement of the Michel parameters allows one to limit the coupling constants gj^. 
For example £ and 8 determine the probability, P^, for a righthanded r lepton to participate 
in leptonic r decays: 



P 7 



7blHl 2 + i|^l 2 + bLl 2 + bLl 2 + 3bLl 2 



1 + - (3£ - 16#) 



(3) 



Despite the progress made in recent years P|,^|J7|-P^| , the determination of the space-time 
structure in leptonic and semihadronic r decays is still an order of magnitude less precise 
than in p decay, indicating a need for high precision measurements of the Michel parameters 
in leptonic r decays as well as of the r neutrino helicity in semihadronic r decays. In this 
publication, we present measurements of p, £, 5, and the r neutrino helicity h Vr from an 
analysis of e + e~ — > t + t~ — > (/ ± z/z7)(7r =F 7r°z/) and (7r ± 7r°z7)(7r =F 7r ( V) events. The parameter h„ T 
is given by h Vr = 2gvgA/{.gv + 9 2 A)i where gy and qa are the vector and axialvector couplings. 
In the Standard Model, with purely lefthanded neutrinos, one expects h Vr — — 1. 
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IS]. There, the Michel 



The (Z ± z/z7)(7r =F 7r°z/) sample used here is correlated with that of ref. 
parameters p and rj have been determined with emphasis on a precise measurement of 77, 
in which the sensitivity comes mainly from the low momentum part of the muon spectrum. 
Here, the emphasis lies on the determination of the spin dependent Michel parameters £ and 
5. 



II. METHOD OF THE MEASUREMENT 

Eqn. |] shows that the measurement of £ and 5 requires the knowledge of the r spin 
orientation. In e + e~ annihilation at yfs ~ 10 GeV the average r polarization is zero and no 
information on £ and 5 can be obtained from single r decays. However, spin-spin correlations 
exist between the two r leptons in e + e~ — > r + r", leading to correlations between kinematical 
properties of the decay products. These correlations have been used before P,|8|,[T0|| for the 
determination of £, 5, and h Ur , where leptonic as well as semihadronic decays served as 
spin analyzers. Here we use the semihadronic r decay r T — > n T 7i°u as spin analyzer. Its 
advantages are a large branching ratio, a very well understood hadronic current, and an 
experimentally clean signal. 

In the Born approximation, the matrix element for the differential cross section of 
e + e~ — > t + t~ — > (7 ± z/77)(7r =F 7r ( V) has, after integration over the unobserved neutrino degrees 
of freedom and summation over unobserved spins, the following structure (see for example 
ref. 0): 

\M\ 2 = HP\L X + P L 2 + V L 3 ] + h VT H' a C a ^L' ip + f 5L' 2/3 ] . (4) 

The first term is the spin averaged part of the differential cross section. The second term 
contains the spin correlation. For the semihadronic decay r T — > 7r T 7r°z/ the matrix element 
is formulated for an arbitrary mixing of V and A couplings, parametrized by the neutrino 
helicity h Vr . The spin averaged part of this matrix element is indicated by H and the spin 
dependent part by H' . The symbols Lj and L[ are the Lorentz invariant formulations of the 
corresponding terms in Eqn. The spin averaged r pair production is denoted by P and 
the production spin correlation matrix by C a/3 . 

The spin analyzer r T — > -k t -k°v can resolve the ratio of longitudinal to transverse po- 
larization of the intermediate p meson, but, because of the absence of interference terms, 
cannot separate its transverse polarization into the left and righthanded part. Thus, our 
(^i/V)^^^ ^) events are sensitive to p, i], h Ur C,, and h UT ^S (see Eqn. whereas our 
(7r ± 7r z7)(7r =F 7r z/) events allow a determination of the product h% . The signs of £ and h Vr 
are well known from other experiments [|I],[| and no attempt is made in this analysis to 
remeasure these signs. 

Not all of the kinematical quantities needed to evaluate Eqn. [| for each detected event 
are well determined. For example, the azimuthal angle of the r momentum around the two- 
pion momentum can take on a range of values, restricted by kinematical constraints. Initial 
state radiation, radiative corrections to the decays t t — > l T Vv and r T — > 7r T 7r°z/, external 
bremsstrahlung, and uncertainties of the measured momenta will also modify the evaluation 
of Eqn. |. 
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These indeterminancies are taken into account in a likelihood function by forming a 
weighted sum over all possible kinematical configurations. The weights are derived by as- 
suming that the radiative effects and the resolution of the detector factorize from the Born 
level matrix element and do not depend on the fit parameters. Formally, the likelihood 
function is taken to be 

, D/-icA J\M(aJ\e)\ 2 ri(a)w(aJ\a)df3da 
L{Q\a) := P{a\Q) = — 2 — ^ ^ „ ^ , (5) 

/ \Ai(a, ft\Q)\ r)(a)w(a, ft\a)dftdadd 

where |A^| 2 is given by Eqn. |j. The vector G represents the set of parameters 
(p, 77, h UT £, h Ur £,5) that are determined in the fit. As discussed below, we also include the 
dependence of all significant sources of background in the event likelihood. The vector a 
contains all measured quantities, i. e. the momenta of the charged lepton and the two pions. 
The vector ft contains all unmeasured quantities, such as those associated with the neutri- 
nos, the photons of the initial state bremsstrahlung which mostly escape undetected down 
the beam pipe, radiated photons in the decay, and photons from external bremsstrahlung. 
The vector a represents the value of the measured quantities before resolution and radiative 
effects. The weight w(a, ft\a) contains all of the resolution and radiative effects, and the 
integrals over a perform convolutions with the detector resolution. The acceptance function 
of the detector is denoted by 77 and depends only on a. The denominator in Eqn. |5] ensures 
that the likelihood integrated over a is normalized to unity for all values of G. 

The integration over the unmeasured quantities is done analytically as far as possible. 
The remaining integration is performed numerically following a hit or miss approach for the 
relevant kinematical variables. Hence, a certain number of trials is done for each observed 
event to generate the unmeasured quantities ft (radiated photons), and the "before radiation 
and detector resolution" values a of the measured quantities, under the hypothesis that 
the event is a r pair. The fraction of trials which are successful, fhu, is a measure of the 
goodness of the hypothesis. The Monte Carlo integration over the measured quantities in 
the denominator of Eqn. |5| is done with a full detector simulation. This technique was 
used in ref. 0. Here we have applied only minor changes, such as, for example, taking the 
radiative corrections in the semihadronic decay into account. A full description can be found 



in ref. |18 | 



The effectiveness of this technique has been demonstrated by generating events with the 
KORALB/TAUOLA fT9|,|20|] Monte Carlo program and applying the fit method to these 
events. The results are compatible with the input within the statistical errors of the test, 
which are of order 0.01%. These tests have been performed for Standard Model input values 
as well as for non-Standard Model values. Thus, at the level of accuracy needed here, we 
have demonstrated that the method is unbiased, and the factorization assumption mentioned 
above is justified. 



III. DATA SELECTION 



The measurements presented here were performed with the CLEO II detector [SI] at the 
e + e~ storage ring CESR. The data sample used here was collected in the years between 1990 



6 



and 1994 at center of mass energies around yfs = 10 GeV. The integrated luminosity is 
« 3.5 fb -1 , with about 3.02 x 10 6 r pairs produced. 

Events with exactly two charged tracks with a charge sum of zero are selected. Each 
track must have a momentum greater than 500 MeV/c and its distance of closest approach 
to the interaction point in the plane transverse to the beam must be less than 10 mm. The 
polar angle of each track relative to the beam must fulfill the condition | cos#| < 0.71. The 
two tracks are required to be separated by an opening angle of more than 90°. 

To suppress non r background we require that not more than one of the two tracks has 
a momentum greater than 85% of the beam energy. The total visible energy in the electro- 
magnetic calorimeter has to be greater than 20% and less than 85% of ^/s. Additionally, 
the momenta pi of the two tracks have to fulfill the condition \pi + p*2|/(|pi| + \p2\) > 0.05 to 
suppress cosmic rays. 

Photons used to reconstruct tt° mesons are defined as calorimeter showers that are not 
matched to a charged track, with an energy greater than 50 MeV and a polar angle of 
| cos#| < 0.71. To veto against feed across from other r decays, we require zero photon-like 
isolated showers (more than 30 cm from the closest track projection into the calorimeter) 
with an energy of more than 75 MeV for polar angles of | cos^l < 0.71 and an energy of more 
than 100 MeV in the case of | cos6>| > 0.71. 

In the lepton-versus-p sample exactly one 7r° is required with —4 < (m 77 — m w o)/ cr m < 3, 
where the mass resolution cr m77 is typically between 5 MeV/c 2 and 10 MeV/c 2 depending on 
the 7T° energy. The momentum of the reconstructed 7r° has to be greater than 300 MeV/c. 

The track further away in angle from the reconstructed it is required to be either an 
electron or a muon. Tracks are identified as electrons when their momentum and dE/dx 
information from the tracking system, as well as the energy measurement in the electromag- 
netic calorimeter, are consistent with the electron hypothesis. Tracks with momenta greater 
than 1.5 GeV/c are identified as muons if they match to hits in the muon counters beyond 
at least three absorption lengths of material. 

The invariant mass of the reconstructed 7r° and the charged pion candidate has to satisfy 
m^T-w > 0.5 GeV/c 2 . The missing mass m m i SS of the event has to fulfill the condition 
rrimiss > 0.1 t/s. Additionally, we require the Monte Carlo success rate fhu (see previous 
section) to be at least > 6.6%. After these three cuts the remaining background from 
Bhabha events, two-photon interactions, and qq events is negligible. 

In the p-versus-p sample exactly two 7r° mesons are required with —4 < (m 77 — 
m n o) I 'a mil < 3. A momentum cut of greater than 300 MeV/c is applied on the recon- 
structed tt° mesons. The 7r° mesons are associated with the charged tracks by their nearness 
in angle. The invariant mass m n ^ n o of the p meson candidates have to be greater than 
0.5 GeV/c 2 . These cuts are identical to the Z-vs-p selection and suppress feed across from 
other t events. In addition, the missing transverse momentum of the event, pt, and Etot, 
the total visible energy of the observed particles, have to satisfy Pt/(\J~s — E TOT ) > 0.1, 
Pr/{y/s/2) > 0.075, and E TO tI\[s > 0.3. We again require fhu > 6.6%. After these cuts 
the contribution from non r background is negligible. 

This selection results in a sample of 66388 accepted events, comprising 33531 candidates 
in the topology (e T i/z7)(7r ± 7r°]7), 21680 candidates in (h t uV)(tt ± 7t V), and 11177 candidates 
in (■7r =F 7r t V)(7r ± 7r°77). These numbers of events are in good agreement with expectations based 
on world average branching ratios |22j| . 
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TABLE I. Background contribution from other r decays. 



electrons 33531 accepted events muons, 21680 accepted events p mesons, 11177 accepted events 



event topology 



estimated 
backgr. % 



(e ± ^v)(TT^7r 7r iy) 1.78 ± 0.20 
(e ± uV)(K^TT°u) 1.94 ±0.20 
(71-%) (ttTtt ^) 0.14 ±0.03 
{e ± W){'K^u) 0.13 ±0.02 
remaining sources 0.96 ± 0.10 
S 4.95 ± 0.30 



event topology 



estimated 
backgr. % 



event topology 



estimated 
backgr. % 



vv) (tt^ 7r 7r° v) 

(7r ± F)(7r =F 7r°i/) 
(p, ± uV)(Tr Zf i/) 
remaining sources 



1.73 ±0.20 (7r ± 7r°F)(7r^7r 7r°z/) 3.95 ± 0.45 

2.00 ±0.20 (tt^uXK^u) 4.31 ±0.50 
1.29 ±0.18 
0.14 ±0.03 

0.90 ± 0.10 remaining sources 2.04 ± 0.20 



6.06 ±0.35 £ 



10.30 ± 0.70 



In all three samples, e-vs-p, p,-vs-p, and p-vs-p, the background from non r events is 
insignificant. The background from r events is estimated by using the KORALB/TAUOLA 
Monte Carlo |T9| , pO| . The results are listed in Table |, where the errors reflect statistical, 
experimental, and theoretical uncertainties. The total contribution from r background is 
about 5% for (e T vV)(iT ± 7t V), around 6% for (/i =F i/7')(7r ± 7r z7), and approximately 10% for 
(7r =F 7r°z/)(7r :t 7r 77) events. The "remaining sources" (Table |) are from a variety of modes. 



IV. DATA ANALYSIS 
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FIG. 1. Electron momentum spectrum in different regions of uj. The variable uj is sensitive 
to the spin of the r lepton in the decay — ► vr^vr ^ (a; < =>■ r~ lefthanded, w > t~ 
righthanded). The data (points with errors) as well as the Monte Carlo expectation for h Ur £ = — 1 
(solid histograms) show clearly the spin correlation, whereas for h Ur £ = (dashed histograms) the 
two sides of the event are uncorrelated. The hatched histograms show the Monte Carlo predicted 
background (assuming /i„ T £ = — 1). 



3100497-002 




-10-10-10 



us 

FIG. 2. The uj spectrum for the p-vs-p sample of one side of the event for different values of u 
from the other side (two entries per event). The data are represented by the dots with error bars. 
The solid histograms show the Monte Carlo expectation for h\ T = 1. The Monte Carlo expectation 
for hi = is given by the dashed histograms. Background is indicated by the hatched histograms 
(assuming h\ =1). 



The spin correlation used in this analysis can be most easily illustrated with the spin 
sensitive variable uj |23] of the decay r T — > 7t t tt°v. Assuming the Standard Model V-A 



interaction, the matrix element of this decay in the r rest frame is 

\M(T^ ^71^7T°U)\ 2 = \M\\l±S z H z ), (6) 

where the spin quantization axis z is chosen along the flight direction of the r in the labora- 
tory frame. The factor \j\4\ is the spin averaged matrix element. The spin dependent part 
of the matrix element depends on H z and s z , where H z and s z are the z-components of the 
polarimetric vector and the r spin vector. For the decay r T — > 7r T 7r°z/, is given by 

m T {2Q,{kQ)-k,(QQ)) 
" 2(kQ)(qQ) - (kq)(QQ) ' U 

where k denotes the r neutrino momentum, q the r momentum, and Q = p n ^ — p n o. 

As can be seen from Eqn. ||, lefthanded r~ leptons (righthanded r + leptons) have pref- 
erentially negative H z values, whereas righthanded r~ leptons (lefthanded r + leptons) have 
preferentially positive H z values. Averaging H z over the kinematically allowed r rest frames 
yields the variable uj. 

Fig. H] shows the dependence of the measured electron momentum spectrum on uj. One 
clearly sees that for negative uj values, high momentum leptons are preferred by the data, 
whereas for positive uj values, low momentum leptons are preferred. This correlation indicates 
h Ur ^ ~ —1 as expected by the Standard Model. For h Vr ^ = 0, which is equivalent to zero spin 
correlation, the lepton momentum spectrum is independent of uj, as can be seen in Fig. |I[ 
The corresponding plots to Fig. [I] for the /j,-vs-p sample are very similar and are not shown 
here. Fig. shows for the p-vs-p sample the uj spectrum of one side of the event for different 
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values of uj from the other side (two entries per event). Again the data favor h% ~ 1 in 
agreement with the Standard Model. 

To take the background from other r events into account, the fit function of Eqn. [| is 
extended to include background 

U = (1 - (ax + . . . + a n )) Si + aiBi ti + . . . + a n B n ^ , (8) 

where is the background fraction of the fc-th background. The function Si is the likelihood 
of the signal events, given by Eqn. |5|. The functions B^^ are the corresponding likelihoods of 
the backgrounds. For the dominant sources of background, listed in Table |, the functions 
B^i include their full dependence on the fit parameters to avoid bias. The values used in 
the fits for the background fractions ol\~ are taken from Table |. The amount of background 
not included in the fit is m 1% in the l-vs-p sample and around 2% in the p-vs-p sample. 
The effect of this disregarded background ( "remaining sources" in Table |T|) is discussed in 
the systematic error section. 

The hadronic current of the spin analyzer r T — > 7r =F 7r z/ is very well known. However, 
the g 2 -dependence of the intermediate resonance structure might be a possible source for 
uncertainties, especially the contribution of the p' meson. The p' contribution is parametrized 
by (3 0, and with e+e" data J2§ (3 is determined |24| to be (3 = -0.145. In a recent CLEO 



measurement p6 |, where r events were used, a value of (3 = —0.091 ±0.009 is measured. For 
consistency, we use the latter value together with the mass and width obtained in ref. [2~B| 
for the p and p' mesons. 

The only fit parameter in the p-vs-p analysis is h^. We obtain 

hi = 0.989 ±0.019. 

"t 

In the e-vs-p analysis we have three fit parameters p, h Ur l;, and h Vr ^8. We measure the 
following values: 

p e = 0.747 ± 0.012 h v Xe = 0.973 ± 0.047 h v ^ e 5 e = 0.716 ± 0.031 

As mentioned in the introduction, the l-vs-p sample used here is correlated with the one used 
in ref. [[TJJ . Because of the special treatment of the low energy muons there, the precision 
on the Michel parameter 7] reached in ref. |I5| is better than the one we might obtain here. 



Therefore, we do not fit for rj. Instead we fixed rj to the value determined in ref. JL5[] of 
?7 M = 0.010 ± 0.261 and 77^ = —0.015 ± 0.091, where the first result is obtained in the muon 
sample alone and the second one is the combined result of the muon and electron sample 
under the assumption p e = p^. With the first result we obtain in the p-vs-p analysis 

Pii = 0.750 ± 0.017 h VT ^ = 1.048 ± 0.068 VfA = °- 781 ± 0M0 • 

Using the second result we measure with the p-vs-p sample 

p M = 0.746 ± 0.017 h Vr ^ = 1.043 ± 0.067 K T ^5^ = 0.777 ± 0.040 . 

All errors shown above are statistical only. 

Fixing rj to the Standard Model value of r] = results in a shift of p ?? =_o.oi5 — Pr,=o = 
-0.0029, (VOn=-o.o 1B - (V£)r,=o = -0.0024, and - (h v ^5) v=0 = -0.0018. 
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TABLE II. Contributions to the systematic error. 



A( Pe ) A(p„) HKM) A(/yg M ) A(KMSe) A(y^^) HK T ] 



Monte Carlo 
statistics 


±0 


0025 


±0 


0028 


±0 


0122 


±0 


0131 


±0 


0090 


±0 


0072 


±0.0014 


lepton 

identification 


±0 


0006 


±0 


0033 


±0 


0005 


±0 


0016 


±0 


0004 


±0 


0025 




acceptance function 
of spin analyzer 


±0 


0010 


±0 


0015 


±0 


0038 


±0 


0093 


±0 


0036 


±0 


0064 


±0.0047 


considered 
background 


±0 


0009 


±0 


0012 


±0 


0018 


±0 


0067 


±0 


0008 


±0 


0023 


±0.0022 


disregarded 
background 


±0 


0004 


±0 


0009 


±0 


0029 


±0 


0059 


±0 


0011 


±0 


0017 


±0.0005 


parameter (5 
of p' contribution 


±0 


0002 


±0 


0002 


±0 


0012 


±0 


0025 


±0 


0002 


±0 


0002 


±0.0010 


Michel parameter rj 
A(?7 At ) = ±0.091 [15 






±0 


0170 






±0 


0144 






±0 


0125 




Michel parameter rj 
A(r^) = ±0.261 [15 






±0 


0448 






±0 


0417 






±0 


0302 




detector 
resolution 


±0 


0004 


±0 


0004 


±0 


0006 


±0 


0005 


±0 


0003 


±0 


0004 


±0.0002 


radiation 


±0 


0013 


±0 


0011 


±0 


0018 


±0 


0032 


±0 


0021 


±0 


0041 


±0.0007 


trigger 


±0 


0017 


±0 


0035 


±0 


0094 


±0 


0123 


±0 


0022 


±0 


0025 


±0.0011 



total 

±0.004 ±0.018 ±0.016 ±0.027 ±0.010 ±0.017 ±0.006 



A(r ?At ) = ±0.091 p| 
total 

A(7k) = ±0 261 p| ±0 - 004 ±0.045 ±0.016 ±0.047 ±0.010 ±0.032 ±0.006 



The confidence levels of the fits are 73% in the e-vs-p analysis, 21% in the p-vs-p anal- 
ysis, and 9% in the p-vs-p analysis. Fig. |3| shows the corresponding likelihood per event 
distributions. One sees that the data are in good agreement with the best fit model. 

Systematic errors arise from statistical errors of the Monte Carlo estimate of the normal- 
ization integral, momentum dependence of the lepton identification efficiency, the acceptance 
function of the 7t T 7r° spin analyzer, background, the model for the hadronic current, detec- 
tor resolution, radiation, and trigger. The different contributions to the systematic error are 
summarized in Table Jl]. 

The lepton identification efficiency has been measured, as a function of momentum and 
polar angle, with independent lepton data samples. The systematic error given in Table [T I 
arises from the statistical error of this measurement. The acceptance function of the 7r T 7r° 
spin analyzer has been varied via its dependence on the momenta of the two pions and the 
angle between the two pions. The variations considered have been determined by comparison 
of Monte Carlo and data. The systematic error due to the considered background has been 
evaluated by varying the fractions of the different backgrounds in the fit function over a range 
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TABLE III. Results, p, £, and £6 denote the combined results, pi, and £i5i are the results 
separated for electrons and muons. 



world average |22| 




-1.011±0.027 


P 


0.742±0.027 


e 


1.03 ±0.12 




0.76 ±0.11 


Pe 


0.736±0.028 


£e 


1.03 ±0.25 




1.11 ±0.18 




0.74±0.04 




1.23 ±0.24 




0.71 ±0.15 



this analysis* 



"together with the sign of h Vl 



-0.995±0.010±0.003 
0.747±0.010±0.006 
1.007±0.040±0.015 
0.745±0.026±0.009 
0.747±0.012±0.004 
0.979±0.048±0.016 
0.720±0.032±0.010 
0.750±0.017±0.045 
1.054±0.069±0.047 
0.786±0.041±0.032 
determined in 



correlation coefficients 





= 0.046 


K(p, £6) 


= 0.069 


k(p, K t ) 


= 0.000 




= 0.158 




=-0.241 


k(£6, h Ur ) 


=-0.276 


K(p e ,£e) 


= 0.046 


K{Pe,ie5e) 


= 0.074 


K {Pei hu T i 


= 0.000 




= 0.216 




=-0.194 




=-0.214 


k{ph,£h) 


= 0.026 


k{Ph,Z,h$ij) 


= 0.029 


k(Ph,K t 


)= 0.000 




=-0.030 




=-0.128 




)=-0.152 



given by statistical, experimental, and theoretical uncertainties. The effect of the disregarded 



background has been studied using Monte Carlo. The p' contribution is measured in ref. p6 



with an error of A/3 = ±0.009. Since (3 has model dependencies, and to be conservative, we 
varied /3 in the range of ±0.020. The systematic error due to rj has been evaluated by varying 



r) in its determined range |L5| . The uncertainty in the detector resolution has been estimated 
by scaling the error matrix of the resolution by a factor of four. The systematic error due to 
radiation has been obtained by varying the amount of radiation in the fit function by ±10%. 
The uncertainty in the trigger efficiency arises from the tracking component of the trigger, 
whereas the uncertainty due to the neutral component of the trigger is negligible. Therefore, 
the systematic error due to the trigger has been evaluated with a subsample of our data that 
satisfies the neutral as well as the tracking component of the trigger. 

With these systematic errors added in quadrature and using the sign of h VT determined 
in ref. jl],|2| we obtain the results listed in Table |j*TI[ The results are in agreement with the 
Standard V-A interaction. 



V. INTERPRETATION AND SUMMARY 

The measurement of £ and 5 implies that the probability (see Eqn. D) of a righthanded 
t to participate in leptonic r decays is P^ < 0.044 at a 90% confidence level. Separately for 
electrons and muons, we obtain P^ < 0.066 for the electronic mode and < 0.067 for the 
muonic mode. Both limits are at a 90% confidence level. 

The 90% confidence limits on the reduced coupling constants gj = g] fl /max(g] fl ) obtained 
from the combined results on the Michel parameters (Table p|) are plotted in Fig. f|. Without 
measuring the helicity of the r neutrino in leptonic decays, the g£ L coupling cannot be 
distinguished from the g\ L coupling. Adding the knowledge of the parameter 77 does not 
improve the limits. The couplings with a righthanded r, g] R , are mostly constrained by the 
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determination of £ and 5. Additional information comes from the measurement of p, which 
allows one to constrain the g\ L and g\ L couplings. Compared to the situation five years ago 
when only the Michel parameter p was measured in r decay and no limits on the coupling 
constants g] existed, Fig. [| illustrates the progress made. However, the V-A interaction as 
assumed by the Standard Model is still not fully experimentally verified for r decays. 

More stringent limits can be obtained by restricting the generality of the model. For ex- 
ample, we consider a left-right symmetric model |27j for the electroweak interaction, where 
the parity violation has its origin in a spontanous symmetry breaking of the left-right sym- 
metry. In addition to the pure lefthanded W boson Wl of the Standard Model, such a model 
assumes a pure righthanded W boson Wr, where the mass eigenstates W\ and W 2 are in 
general superpositions of the weak eigenstates Wl and Wr. This model can be parametrized 
by the mass ratio a = M 1 /M 2 of the two bosons Wy 2 and the mixing angle £ between Wl/r- 
The Standard Model is obtained in the limit a — > and ( — > 0. 

Fig. |5| shows the one, two, and three a contours for a and ( obtained with the combined 
results on p, £, £5, and h Ur . For ( = 0, W 2 is identical with Wr and the following limit is 
obtained on Mr: 

Mr > 304 GeV/c 2 at 90% CL 
The mass limit obtained for £ free is: 

M 2 > 260 GeV/c 2 at 90% CL 
The corresponding likelihood functions are shown in Fig. |6|. The limit obtained in muon 



decay is M 2 > 406 GeV/c 2 @. 

We have also studied the constraints given by our measurement on extensions of the 
Standard Model with charged Higgs bosons. The r~ lepton and the charged daughter lepton 
l~ in leptonic r decays mediated by charged Higgs bosons are righthanded [28|,29]. Thus, 



in the general ansatz of Eqn. |T], charged Higgs bosons are represented by the g RR coupling. 
From our measurement on £ M and £ M 5 M we obtain 

M H ± > 0.91 x tan/3 GeV/c 2 at 90% CL , 

where (3 is the ratio of vacuum expectation values. The combined limit obtained from this 
measurement and the recent CLEO measurement of rj [|TjJ is: 

M H ± > 1.04 x tan/3 GeV/c 2 at 90% CL 

All results presented here assume massless r neutrinos. We have sudied the kinematical 
and dynamical effects of a 24 MeV/c 2 r neutrino on our results and found that for the Michel 
parameters as well as for the r neutrino helicity such a neutrino does not affect the results 
at the level of our accuracy. 

We have presented a precision measurement of the Michel parameters p, £, and S as well 
as of the r neutrino helicity h Ur . The results obtained are consistent with the Standard 
Model prediction. With the exception of the Michel parameter rj, the CLEO measurement 
given in ref. |1| is superseded by the results obtained here. Despite the high statistics 
used, the accuracy of the measurements is still dominated by statistical and not systematic 
uncertainties, leaving a potential of improving the accuracy of the determination of the 
Michel parameters in r decays at the B factories soon to come into operations, as well as at 
future t factories. 
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FIG. 3. Contributions of single events to — 21nL, for (a) (e =F z/F)(7r ± 7r°F), (b) (^ t uV){k ± tt°V), 
and (c) (7r =F 7r ^)(7r ± 7r°I7) events. Data (dots with error bars) and Monte Carlo (solid histograms) 
are in good agreement. Background is represented by the hatched histograms. 
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Limits on the mass ratio a and the mixing angle ( of a left-right symmetric model. 



3100497-006 



M_ (GeV / c ) 



M 2 (GeV / c ) 



1.0 



0.8 



800 400 



200 



800 400 



200 



a 06 

T3 
-4 

T3 0.4 
0.2 



m — i 1 1 — 


1 


m — i 1 1 


1 










1 90% 






90% 






























", , , , i , , , , i , , , 




iS&w, , i , , , ," 


" , , , , i , , , , i , , , , i 







0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.5 

at 

FIG. 6. 

90% confidence limits on the mass ratio a for (a) tan ( = and (b) for tan ( free. 
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